Myelination, the process in which oligodendrocytes coat CNS axons with a myelin sheath, represents an important but poorly understood form of neural plasticity that may be sexually dimorphic in the adult CNS. Remission of multiple sclerosis during pregnancy led us to hypothesize that remyelination is enhanced in the maternal brain. Here we report an increase in the generation of myelin-forming oligodendrocytes and in the number of myelinated axons in the maternal murine CNS. Remarkably, pregnant mice have an enhanced ability to remyelinate white matter lesions. The hormone prolactin regulates oligodendrocyte precursor proliferation and mimics the regenerative effects of pregnancy. This suggests that maternal white matter plasticity imparts a striking ability to repair demyelination and identifies prolactin as a potential therapeutic agent.
Introduction
Oligodendrocytes, the myelinating cells of the CNS, continue to be generated by oligodendrocyte precursor cells (OPCs) throughout adulthood within both the rodent (Gensert and Goldman, 1997; Levison et al., 1999; Menn et al., 2006) and primate (Peters and Sethares, 2004) CNS. The process of myelination represents a major form of plasticity in the developing and adult CNS and is postulated to influence neuronal health, conductance velocity, and the synchronicity of spike time arrival, thus enhancing CNS function (Dong and Greenough, 2004; Fields, 2005) . Furthermore, OPCs and newly generated oligodendrocytes are required for the intrinsic repair of myelin damage in the adult CNS (Polito and Reynolds, 2005) . However, other than the response to injury, physiological changes that modify OPC proliferation and the generation of new myelinating oligodendrocytes in the adult CNS are not known.
Studies of plasticity in the adult brain at the level of cell genesis have primarily focused on hippocampal and olfactory neurogenesis (Lledo et al., 2006) . We previously observed a female-specific form of plasticity in which olfactory neurogenesis, but not hippocampal neurogenesis, increases in the maternal forebrain during the first week of pregnancy in response to the hormone prolactin (PRL) (Shingo et al., 2003) . Interestingly, recent studies indicate structural and functional gender differences in the white matter of the CNS (Gur et al., 1999; Allen et al., 2003; Haier et al., 2005) , suggesting that the generation of new oligodendrocytes during adulthood might be closely linked to sexually dimorphic physiology and behavior, such as maternity. In rodents, females, relative to males, have a higher proportion of unmyelinated axons in the corpus callosum (CC) (Mack et al., 1995; Kim and Juraska, 1997) and greater oligodendrocyte turnover during adulthood (Cerghet et al., 2006) . Multiple sclerosis (MS), a demyelinating disease more common to females than males, undergoes remission during pregnancy (Confavreux et al., 1998; Voskuhl, 2003) , and this is correlated with a decrease in the number and size of active white matter lesions (van Walderveen et al., 1994) . Thus, we hypothesized that pregnancy promotes increases in OPC proliferation, which bestows an enhanced capacity to generate oligodendrocytes and regenerate myelin in the maternal CNS.
In the present study, we find that pregnancy results in an increase in the generation of new oligodendrocytes and the number of myelinated axons within the maternal CNS. Pregnancyinduced white matter changes were associated with an enhanced capacity to repair myelin damage in the maternal CNS. Furthermore, prolactin signaling regulated OPC proliferation during pregnancy and was found to be sufficient to promote white matter repair in virgin mice. These results reveal the first adaptive regulatory mechanism for oligodendrocyte generation in the adult CNS, identify prolactin as a potential therapeutic agent for promoting white matter repair, and suggest a novel factor that may contribute to the remission of MS during late stages of pregnancy.
Materials and Methods

Animals
Female 6-to 8-week-old CD-1 virgin mice (Charles River Canada, Laval, Quebec, Canada) were used in breeding [day of vaginal plug was desig-nated gestational day 0 (GD0)] or infusion experiments. Prolactin receptor (Prlr) ϩ/ϩ and Prlr ϩ/Ϫ females (originally obtained from The Jackson Laboratory, Bar Harbor, ME) were mated with wild-type males and separated on the day that a vaginal plug was detected. Genotyping was performed by PCR as described previously (Ormandy et al., 1997; Shingo et al., 2003) . Animals were maintained on a 12 h light/dark cycle with food and water ad libitum, were allowed to survive as described, and were then killed, and the tissue was processed as described below.
Prolactin infusions
Female 6-to 8-week-old CD-1 mice were anesthetized with sodium pentobarbital (120 mg/kg, i.p.) and implanted with an osmotic pump (Alzeet 1007D; Alza, Palo Alto, CA), placed subcutaneously, dorsally, between the shoulder blades. Prolactin (mouse recombinant; National Hormone and Peptide Program, Torrance, CA) was dissolved in 0.9% saline containing 1 mg/ml mouse serum albumin (Sigma, St. Louis, MO) for delivery at a rate of 16 g/d for 2.5 d. For intraperitoneal injections, PRL was delivered at a dose of 20 g/injection.
Bromodeoxyuridine labeling
At various gestational periods or after 2 d of subcutaneous prolactin infusions, mice were injected with bromodeoxyuridine (BrdU) (Sigma) (120 mg/kg, i.p., dissolved in 0.007% NaOH in phosphate buffer) every 2 h for 10 h and killed 0.5 h (or longer) after the last injection. Animals were killed, and brains, optic nerves (ONs), and spinal cords (SC) (region from approximately C7 to T4) were dissected out and processed for immunohistochemistry as described below. To trace the fate of BrdUpositive (BrdU ϩ ) cells in the CNS, the BrdU was administered as above to virgin, pregnant, or infused animals on the days indicated in the text, and the animals were left to survive until the appropriate day of analysis (as indicated in text).
Immunohistochemistry
Animals were killed by anesthetic overdose and perfused transcardially with 4% paraformaldehyde in PBS, pH 7.2. Brains, optic nerves, and spinal cords (region from approximately C7 to T4) were postfixed in the perfusing solution overnight at 4°C, then cryoprotected for at least 24 h in 20% sucrose in PBS, and then embedded in Tissue Tek O.C.T. compound (Sakura Finetek, Torrance, CA) before they were cryosectioned at 14 m. Before immunohistochemistry, sections were postfixed with acetone for 30 s at room temperature and then washed with PBS. For BrdU staining, tissues were treated with 1 M HCl for 30 min at 60°C to denature cellular DNA. For glutathione S-transferase-(GST) staining, sections were microwaved on high for 1.5 min in 0.01 M citrate buffer, pH 6.0. The following primary antibodies were used: rat monoclonal anti-BrdU (1: 50; Harlan Seralab, Loughborough, UK), goat anti-platelet-derived growth factor receptor ␣ (PDGFR␣) (1:10; R & D Systems, Minneapolis, MN), mouse anti-GST (1:50; BD Biosciences PharMingen, San Diego, CA), guinea pig anti-NG2 (gift from William Stallcup, Burnham Institute, La Jolla, CA), rabbit anti-prolactin receptor (1:100; Santa Cruz Biotechnology, Santa Cruz, CA), and rabbit anti-myelin basic protein (MBP) (1:100; DakoCytomation, Carpinteria, CA). Sections were incubated for 24 h at room temperature in primary antibody diluted in 0.3% Triton X-100/PBS containing normal goat serum (NGS), washed with PBS, and then incubated with donkey FITC-, cyanine 5 (Cy5)-, or biotinconjugated secondary antibodies (all used at 1:200; Jackson ImmunoResearch, West Grove, PA) for 1 h at room temperature, followed by incubation with streptavidin-Cy3 (1:2000; Jackson ImmunoResearch) for 1 h at room temperature, together with Hoechst 33258 (0.015 mg/ml stock solution diluted to 0.001 mg/ml; Sigma). After rinsing with water, sections were mounted with Fluorosave and viewed or photographed with a Zeiss (Oberkochen, Germany) Axiophot fluorescence microscope.
Immunohistochemistry quantification
Corpus callosum. Two series of coronal sections (14 m) were cut and distributed across seven slides per series (a rostral series of seven slides and a more caudal series of seven slides). We placed 12 sections per slide, each section on a single slide therefore being ϳ100 m apart (14 m ϫ 7) from slides from the next. Serial sections were collected beginning from the first appearance of the rostral tip of the corpus callosum. Quantification of immunoreactive cells in the CC occurred in 12 sections that were identified across one slide from the first series (rostral sections) and one from the second series (caudal sections). Counting was performed beginning caudally and was landmarked by beginning with the section at which the lateral ventricles first join at the third ventricle (midbody of the CC) and included this section and the 11 sections rostral to it (up to caudal region of the genu located above the lateral ventricles). Counts included the entire lateral and medial regions (tip to midline) of the CC in both hemispheres of the brain in the sections.
Spinal cord. Two series of coronal sections (14 m) were cut starting at C7 with seven slides per series and 12 sections per slide. All 12 sections were counted from one slide in the second series, which corresponded to the T2 region.
Optic nerve. Two series of coronal sections (14 m) were cut starting from the end of the ON furthest from the eye with seven slides per series and 12 sections per slide, and all 12 sections were counted from one slide in the second series. When counting the total number of PDGFR␣ ϩ cells in the CC, SC, and ON, we checked each cell for the presence of a Hoechst ϩ nucleus that was surrounded by PDGFR␣. Values within the manuscript represent the total number of positive cells counted in 12 sections unless otherwise stated.
Oligodendrocyte process and MBP expression quantification
Oligodendrocytes in virgin or pregnant mice were identified by GST immunoreactivity. New oligodendrocytes in GD7-GD18, GD7 to postpartum day 7 (P7), and GD7-P14 BrdU trace experiments were identified by coexpression of BrdU and GST. Cells were randomly selected in the corpus callosum for imaging. Confocal z-stacks encompassing the entire soma and processes were acquired with a Olympus Optical (Tokyo, Japan) Fluoview BX-50 laser scanning confocal microscope for a minimum of 25 cells for each animal. The z-stacks were rendered into a three-dimensional (3-D) rotating video using Fluoview Software, and the number of GST ϩ processes extending clearly from the soma was quantified for each cell. The representative 3-D images of oligodendrocytes presented in the manuscript were rendered into a 3-D format using Imaris Software (Bitplane, Minneapolis, MN). To determine whether newly generated oligodendrocytes express MBP, sections were triple labeled for BrdU (FITC), GST (rhodamine), and MBP (Cy5). Cells in the corpus callosum that coexpressed BrdU and GST were randomly selected for confocal imaging on the basis of the expression of these two markers alone (minimum of 25 cells per animal). Confocal z-stacks were taken that encompassed the cell and visible processes using the FITC, rhodamine, and Cy5 channels. Analysis of the z-stacks using Fluoview Software was used to confirm the presence or absence of any MBP expression within the cell body and/or processes, and the percentage of MBP ϩ newly generated oligodendrocytes was determined.
Western blotting
The CC was dissected from the forebrain (see below, Adult oligodendrocyte precursor cell culture), and a 2 mm segment of the upper thoracic SC (approximately T1-T3) was removed, as well as the ovaries. The tissue was transferred to radioimmunoprecipitation assay (RIPA) buffer [50 mM Tris-HCl, pH 7.4, 1% NP-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 mM Na 3 VO 4 , 1 mM NaF, and 1 Protease Inhibitor Cocktail Tablet (Roche, Manheim, Germany) per 7 ml of RIPA] and homogenized for protein extraction. In each experiment, 15 g of protein was fractionated by 10% SDS-PAGE and transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA). The membranes were blocked in blocking buffer (25 mM Tris-HCl, pH 7.5, 0.5 M NaCl, 0.3% Tween 20, and 5% nonfat skim milk) and incubated with the following primary antibodies overnight at 4°C (final concentration): rabbit anti-MBP (1:10,000), rabbit anti-PRLR (1:100; sc-20992; Santa Cruz Biotechnology, Santa Cruz, CA), and rabbit anti-actin (1:1000; Abcam, Cambridge, MA). Blots were washed and probed with the appropriate peroxidase-conjugated secondary antibodies (1:5000; Jackson ImmunoResearch). Immunoreactivity was developed by enhanced chemiluminescence (Amersham Biosciences, Arlington Heights, IL). The protein levels were quantified by first measuring the average intensity of the individual bands using Eastman Kodak (Rochester, NY) 1D 3.6.2 soft-ware. The average intensity was multiplied by the area of the band, calculated by measuring band size with NIH ImageJ software, to give a value representative of protein expression levels. MBP protein levels were normalized to actin to control for differences in protein loading. The murine PRLR long form (PRLR-L) protein bands were recognized in the molecular weight range previously described by others (Ling et al., 2000; Camarillo et al., 2001) .
Reverse transcription-PCR
The CC, SC, and ovaries were dissected from adult virgin female mice. RNA was isolated using a QIAshredder and Qiagen RNeasy kit (Qiagen Mississauga, Ontario, Canada). RNA was reverse transcribed using oligo-dT primers from the SuperScript III First-strand Synthesis System for reverse transcription (RT)-PCR (Invitrogen, Carlsbad, CA). Previously published methods and primers specific for the PRLR-L, PRLR short form 1 (PRLR-S1), PRLR-S2, and PRLR-S3 were used to amplify cDNA (Ling et al., 2000) . Separation on an agarose gel and sequencing confirmed the specificity of the primers for the amplification of a 254 bp product that corresponded to the appropriate PRLR isoform.
Lysolecithin demyelinating lesions and lesion size index
Lesions were performed and quantified as described previously (Larsen et al., 2003) . Briefly, mice were anesthetized with a mixture of ketamine (200 mg/kg) and xylazine (10 mg/kg), and the spinal cord was then exposed. A 1.5 l solution of 1% D-lysophosphatidylcholine (lysolecithin; Sigma) was injected slowly (0.5 l/min) into the dorsal funiculus at the T3-T4 level using a 33 gauge needle attached to a 5 l Hamilton syringe. The needle was left for an additional 2 min to avoid backflow of the lysolecithin. Mice were allowed to recover for defined periods as described, after which they were killed and the spinal cord was removed. For histological characterization of lesions, the spinal cord was fixed in 10% buffered Formalin. One millimeter blocks covering 2 mm on either side of the lesion were embedded in paraffin, and 10 m sections were cut at 100 m intervals (thus, 10 sections per millimeter block were analyzed). Sections were stained for myelin using Luxol fast blue (Solvent blue 38; Sigma). Briefly, sections were deparaffinized, incubated in the solvent blue solution for 3 h at 60°C, destained with 0.05% lithium carbonate, and counterstained with hematoxylin/eosin. The demyelinated lesion area in the dorsal funiculus and the total area of the dorsal funiculus of each section was calculated using NIH ImageJ software for a total of 36 sections per animal. The border between the myelinated and unmyelinated regions of the dorsal funiculus were clearly defined by a border of dark blue staining. The ratio of lesion area to total dorsal funiculus area for each section was summed for all 36 sections to provide an index of the proportion of the dorsal funiculus that was demyelinated (referred to as the lesion size index in Results).
Lysolecithin demyelinating lesions and BrdU tracing
Six-to 8-week-old female mice received lysolecithin lesions as described above (for pregnancy study summary, see Fig. 3b ). Pregnant females received lesions on GD3 and then received five BrdU injections over 8 h on GD4, GD5, GD6, and GD7. Pregnant and matched virgins were left to trace the fate of the BrdU-labeled cells for 7 d and were then killed and perfused with 4% paraformaldehyde. A 2 mm segment of the spinal cord that contained the lysolecithin injection site in the center was removed and processed for cryosectioning at a thickness of 14 m. The entire 2 mm segment was sectioned serially in two series of seven slides. One slide was selected from each series for each animal, and the total number of BrdU ϩ GST ϩ cells in the lesioned dorsal funiculus was quantified for every section. To study the effects of PRL treatment on the generation of new oligodendrocytes after lesion, animals received lesions followed by daily injections of 20 g of PRL or vehicle control (VEH) on days 1 through 7 and BrdU on days 4, 5, 6, and 7 and were analyzed as above on postlesion day 14.
Electron microscopy analysis and quantification
Postpartum day 14 mothers and age-matched virgins were transcardially perfused with 4% paraformaldehyde, and the brain was removed. The entire brain was immersion fixed in 2.5% glutaraldehyde for 2 d and then cut in half sagittally down the sagittal suture. A 1 mm sagittal slab was then cut from the midpoint of the brain that clearly included the CC. This region was further trimmed under a microscope to attain the genu region of the CC, which was immersed in 2.5% glutaraldehyde for 2 d and then processed for embedding in plastic. Semithin cross sections of the genu were stained with toluidine blue, and the same rostral region of the genu was selected for electron microscopy (EM) analysis in each animal. EM sections were photographed, 20 random fields per animal, and the number of myelinated axons per 100 m was quantified on a computer screen. Lysolecithin lesioned virgin and pregnant mice were transcardially perfused with 4% paraformaldehyde, and the entire spinal cord was removed. A single 1 mm section of the lesioned spinal cord that included the injection site positioned in the center of the section was dissected from the spinal cord. Semithin cross sections of the spinal cord were stained with toluidine blue, and the lesioned area of the dorsal funiculus was visualized by light microscopy. An area within the mid-upper portion of the dorsal funiculus, within the center of the lesion, was chosen for analysis and processed for visualization by EM. The lesioned area was photographed under EM and spared, remyelinated, and demyelinated axons were later quantified on a computer screen. This approach resulted in the analysis of an average of ϳ800 axons per animal. Spared, remyelinated, and demyelinated axons were judged according to criteria established in previous literature (Arnett et al., 2001; Mason et al., 2001) . Briefly, spared axons were defined by their thick, multilayered myelin sheath, remyelinated axons were defined by the presence of a thin, dark myelin sheath covering the circumference of an axon, and demyelinated axons were defined by the absence of a myelin sheath covering the circumference of the axon. The proportion of each subtype was quantified for each animal and expressed as a percentage of the total number of axons analyzed.
Adult oligodendrocyte precursor cell culture
A razor blade was used to coronally cut the adult virgin female forebrain 2 mm caudal of tip of the forebrain (in which the olfactory bulbs join the brain) and again 3 mm caudal to that point. From the resulting 3 mm piece of forebrain, the corpus callosum was dissected cleanly from the surrounding cortex and striatum, with care to exclude the subventricular zone. The tissue, pooled from three animals, was transferred into media hormone mix (MHM) containing 1.33 mg/ml trypsin, 0.67 mg/ml hyaluronidase, and 0.2 mg/ml kynurenic acid (all from Sigma), and then incubated for 20 min at 37°C. After complete trituration with a micropipette, the suspension was transferred into the same volume of media containing 0.7 mg/ml trypsin inhibitor (Roche). This suspension was spun down at 600 rpm for 5 min, resuspended, and then plated at a density of 1000 -2000 cells/ml in a six-well plate in defined media (MHM) composed of DMEM/F-12 (1:1), glucose (0.6%), glutamine (2 mM), sodium bicarbonate (3 mM), HEPES (5 mM), insulin (25 g/ml), transferrin (100 g/ml), progesterone (20 nM), putrescine (60 M), selenium chloride (30 nM) [all from Sigma, except that glutamine was from Invitrogen], and 100 ng/ml PDGF-AA (human recombinant; PeproTech, Rocky Hill, NJ) with or without mouse recombinant prolactin. After 10 -12 d in vitro, the total number of primary neurospheres was counted, and the number of neurospheres greater or Ͻ50 m in diameter was quantified. To phenotype the neurospheres, whole neurospheres were plated onto poly-L-ornithine-coated coverslips at a density of 10 -20 neurospheres per milliliter per well in 24-well plates in the presence of 10% fetal bovine serum. After 3 d in vitro, coverslips were fixed in 4% paraformaldehyde in PBS and incubated with mouse anti-␤-tubulin III antibody (1:1000; Sigma), mouse anti-O4 (1:10; Chemicon, Temecula, CA), and rabbit anti-GFAP (1:100; Sigma) in 0.3% Triton X-100/PBS containing 10% NGS. After washing in PBS, the appropriate rhodamine-, FITC-, and 7-amino-4methylcoumarin-3-acetic acid-conjugated secondary antibodies (1:200; Jackson ImmunoResearch) were applied. Labeled cells were counterstained with Hoechst 33258 and mounted on glass slides with Fluorsave (Calbiochem, San Diego, CA). The percentage of neurospheres containing neurons, astrocytes, and/or oligodendrocytes was determined for each condition.
Statistical analysis
Values are mean Ϯ SEM. Statistical analyses were performed using GraphPad (San Diego, CA) Prism software version 4.0b. Comparisons between two groups were made using an unpaired t test. Analyses of paired observations between two experimental conditions (adult OPC neurosphere culture experiments) were made using a paired t test. Statistical analysis of experiments involving multiple groups was performed using a one-way ANOVA, followed by a Tukey's honest significant difference (HSD) post hoc analysis to compare all groups with each other or a Dunnett's post hoc analysis to compare changes specifically with virgin controls ( post hoc test used is noted in the text).
Results
Increased OPC proliferation and oligodendrocyte generation in the maternal CNS We first tested the hypothesis that pregnancy leads to an increase in OPC proliferation and generation in the maternal CNS. Virgin or timed pregnant GD7 females were injected with BrdU six times over 10 h and killed 0.5 h after the final injection to label dividing/newly generated OPCs in the CC and SC. Quantification of the total number of immunoreactive cells in 12 sections of the CC or SC of each animal was performed as described in Materials and Methods. At GD7, the number of BrdU ϩ cells was doubled in these regions compared with virgin controls (CC, p Ͻ 0.01; SC, p Ͻ 0.05; unpaired t test; n ϭ 3) ( Fig. 1 A, B) . Double immunolabeling for BrdU and the OPC marker PDGFR␣ at GD7 revealed a 91 and 260% increase, relative to virgins, in the number of dividing/newly generated OPCs in the CC ( p Ͻ 0.01; n ϭ 3) and SC ( p Ͻ 0.01; n ϭ 5), respectively (unpaired t test) ( Fig.  1 A, C) . Furthermore, the total number of PDGFR␣ ϩ OPCs was increased by 20% in the CC ( p Ͻ 0.01; unpaired t test; n ϭ 7) and 80% in the SC ( p Ͻ 0.05; unpaired t test; n ϭ 5) in GD7 females relative to virgins (Fig.  1A,D) . The pregnancy-induced increases in OPC number were not attributable to increased cell survival because no difference in the number of cells expressing activated caspase-3 was observed in the CC of virgin versus GD7 animals (data not shown).
To determine whether increased OPC proliferation/generation ultimately resulted in the generation of new oligodendrocytes in the maternal CNS, virgin and GD7 pregnant females received BrdU and were killed 11 d later to trace the fate of the newly generated cells (pregnant BrdU trace animals are referred to as GD7-GD18). Double immunolabeling with BrdU and the mature oligodendrocyte marker GST (Arnett et al., 2001 ) revealed a 74% (CC, p Ͻ 0.01; unpaired t test; n ϭ 3) and 173% (SC, p Ͻ 0.01; unpaired t test; n ϭ 5) increase in the number of new oligodendrocytes in the CC and SC, respectively, in GD7-GD18 relative to virgin traced females (Fig. 1 E) . Similar increases in OPC proliferation/generation and oligodendrocyte generation were also observed in the maternal optic nerve (supplemental Table 1 , available at www.jneurosci.org as supplemental material).
Myelination increases in the maternal CNS during the postpartum period
We investigated the potential of the newly generated oligodendrocytes for myelination by first characterizing the formation of processes by these cells (Buttery and ffrench-Constant, 2001 ). Mature GST ϩ oligodendrocytes in the CC of 60-d-old virgin females were randomly imaged with confocal z-stacks, revealing an average of three to four, highly branched, GST ϩ processes extending from the cell soma (n ϭ 3; N Ն 25 cells per animal) (Fig. 2 A) . Newly generated oligodendrocytes (BrdU ϩ GST ϩ cells) in the CC of 60-d-old GD7-GD18 BrdU traced pregnant females extended significantly fewer GST ϩ processes than mature oligodendrocytes in virgins, with an average of one to two per cell soma ( p Ͻ 0.001; one-way ANOVA with Tukey's HSD post hoc test; n ϭ 3; N Ն 25 cells per animal) (Fig. 2 A) , suggesting they were still maturing at the end pregnancy. Longer tracing times of GD7-P7 and GD7-P14 revealed that the newly generated cells eventually developed the fully mature three to four GST ϩ processes per soma (n ϭ 3; N Ն 25 cells per animal) (Fig.  2 A) .
Pregnancy-generated oligodendrocytes appear to arborize in the postpartum period; therefore, we asked whether there might be associated changes in myelination. Confocal imaging of cells triple labeled with BrdU, GST, and MBP, the major protein constituent of myelin, revealed that virtually all newly generated BrdU ϩ GST ϩ oligodendrocytes in the CC of GD7-GD18 animals (ϳ98%; n ϭ 3; N Ն 25 cells per animal) and GD7-P7 animals (ϳ96%; n ϭ 3; N Ն 25 cells per animal) express MBP (Fig. 2 B) . Western blot analysis of MBP expression in the CC and SC over the course of pregnancy and the postpartum period revealed significant increases in the 18, 17.2, and 14 kDa isoforms at P7 and P14 relative to 6-week-old virgins (one-way ANOVA with Dunnett's post hoc test; n ϭ 4) (Fig. 2C,D) . This result was not simply attributable to differences in age because no increase in MBP expression was observed in the CC and SC of 6-week-old versus 12-week-old adult virgin females (data not shown). Finally, we used EM to ask whether there was a change in the number of myelinated axons in the maternal CNS (Fig. 2 E) . Remarkably, we observed a 50% increase in the number of myelinated axons in the genu of the CC in P14 females relative to agematched 11-week-old virgins ( p Ͻ 0.01; unpaired t test; n ϭ 4) (Fig. 2 E) . This was not simply attributable to changes in axonal packing density, because no significant change was observed in the total number of axons (myelinated plus unmyelinated) per 100 m 2 in the genu of virgin (888 Ϯ 131) versus P14 females (789 Ϯ 62; n ϭ 3; p Ͼ 0.05; unpaired t test). Therefore, although it is not clear what proportion of newly generated oligodendrocytes are actively engaging in the myelination of axons, we find that pregnancy-induced oligodendrocyte generation is clearly associated with a postpartum increase in myelination within the maternal CNS.
Myelin repair is enhanced in the maternal CNS
Preexisting, mature oligodendrocytes are unable to contribute to remyelination in the CNS, and the process of myelin repair depends on increased OPC proliferation and the generation of new oligodendrocytes (Polito and Reynolds, 2005) . To test whether pregnancy-induced OPC proliferation enhances the intrinsic capacity of the maternal CNS to repair demyelination, we used a spontaneously remyelinating model of acute demyelinating injury in which the detergent lysolecithin is injected directly into the dorsal funiculus of the spinal cord (Jeffery and Blakemore, 1995; Larsen et al., 2003) . Remyelination in this model has begun by 7 d after lesion, is primarily completed after 23 d (Jeffery and Blakemore, 1995) , and can be assessed by measurements of the lesion size (Larsen et al., 2003) .
Virgin and GD3 pregnant females received dorsal funiculus lysolecithin lesions and were analyzed 7 d (GD3-GD10) and 11 d (GD3-GD14) later to assess the proportion of the dorsal funiculus that remained lesioned (Fig. 3 A, B) . In the pregnant GD3-GD10 animals, the volume of the lesion (see Materials and Methods) was decreased in size by 37% relative to matched virgin controls ( p Ͻ 0.05; unpaired t test; n ϭ 4) (Fig. 3B) . By GD14, the lesion volume in GD3-GD14 animals was 52% smaller than that of matched virgin controls ( p Ͻ 0.01; unpaired t test; n ϭ 8) (Fig.  3 A, B) . We asked whether pregnancy might decrease the lesion size by promoting oligodendrocyte generation and enhanced remyelination. Lesioned virgin and GD3 pregnant females received BrdU injections for 4 d after lesion and were analyzed at 14 d after lesion to trace the generation of new cells (Fig. 3C) . We observed an 80% increase in the number of BrdU ϩ GST ϩ oligodendrocytes in the lesioned dorsal funiculus of GD3-GD14 pregnant animals relative to virgins ( p Ͻ 0.05; unpaired t test; n ϭ 7) (Fig.  3 D, E) . Finally, we used EM to count the relative numbers of axons that were demyelinated, remyelinated, or spared within the lesion center of virgin versus GD3-GD14 females (Fig. 3 F, G) . Relative to virgin controls, GD3-GD14 females had 75% fewer demyelinated axons ( p Ͻ 0.01; unpaired t test; n ϭ 4), a 35% increase in the proportion of remyelinated axons ( p Ͻ 0.01; unpaired t test; n ϭ 4), but no significant change in the number of spared axons. Therefore, although the demyelinating lesions in pregnant females are already reduced in size by 7 d after lesion relative to virgin females, our BrdU tracing and EM results suggest that the decreased lesion size is primarily attributable to increased oligodendrocyte generation and enhanced remyelination rather than neuroprotection during pregnancy.
PRL signaling regulates pregnancy-induced OPC proliferation
Pregnancy-induced OPC proliferation occurred during the first week of pregnancy, coincident with gestational increases in PRL levels (Freeman et al., 2000) . RT-PCR and Western blotting revealed expression of the long form of PRLR in the adult virgin female CC and SC (Fig. 4 A, B) . A subpopulation of PDGFR␣ ϩ OPCs coexpressed the PRLR in both the CC (ϳ42%; n ϭ 2) and SC (ϳ47%; n ϭ 2) (Fig. 4C) , suggesting that these cells may respond to increases in PRL levels. We therefore asked whether PRLR signaling is required for the pregnancy-induced increases in OPC proliferation. Because Prlr Ϫ/Ϫ mice cannot become pregnant (Freeman et al., 2000) , we compared virgin and GD7 Prlr females was increased by 90% relative to virgins ( p Ͻ 0.01; n ϭ 4), but, in the CC of GD7 Prlr ϩ/Ϫ females, OPC proliferation was not significantly different from virgin controls ( p Ͼ 0.05; oneway ANOVA with Tukey's HSD post hoc test; n ϭ 4) (Fig. 4 D) .
These findings suggest that PRL can promote OPC proliferation and the generation of new oligodendrocytes in the adult female CNS. To test this, we infused virgin female mice with VEH or PRL subcutaneously for 3 d and injected BrdU on the final day. Relative to VEH, PRL infusions induced a 114% ( p Ͻ 0.01; unpaired-test; n ϭ 5) and 57% ( p Ͻ 0.05; unpaired t test; n ϭ 5) increase in the number of dividing OPCs (BrdU ϩ PDGFR␣ ϩ cells) in the CC and SC, respectively (Fig. 4 E) . BrdU tracing revealed that PRL infusions also increased the generation of new oligodendrocytes (BrdU ϩ GST ϩ cells) in both the CC and SC by 55% ( p Ͻ 0.01; unpaired t test; n ϭ 5) and 124% ( p Ͻ 0.01; unpaired t test; n ϭ 5), respectively (Fig. 4 F) . As in pregnancy, the increases were attributable to enhanced OPC proliferation, not cell survival, because we observed no change in the number of Figure 2 . Newly generated oligodendrocyte maturation occurs during the postpartum period and is associated with increases in MBP levels and myelinated axons. A, Confocal z-stack images (3-D rendered images shown) and quantification of GST ϩ processes (indicated by yellow arrows) extending from the soma of mature (GST ϩ ; 60-d-old virgin animals) and newly generated oligodendrocytes (BrdU ϩ GST ϩ ) located in the CC of GD7-GD18, GD7-P7, and GD7-P14 BrdU trace pregnant animals (one-way ANOVA with Tukey's HSD post hoc test; n ϭ 3, N Ն 25 cells per animal). Quantification suggests that new oligodendrocytes born on GD7 ultimately attain a normal complement of three to four processes by P7. B, Quantification using confocal imaging was used to determine the percentage of newly generated oligodendrocytes (BrdU ϩ GST ϩ cells) in the CC of GD7-GD18 and GD7-P7 BrdU trace animals (BrdU ϩ GST ϩ cell) that express MBP (n ϭ 3, N Ն 25 cells per animal). The majority of new oligodendrocytes in the maternal CNS were observed to express MBP (arrows indicate yellow regions of coexpression in the z-axis under confocal microscopy; immunoreactivity was primarily observed within the processes rather than the cell soma). C, D, Western blot analysis of MBP expression in the CC (C) and SC (D) over the course of pregnancy and the postpartum period demonstrated significantly increased levels of the 18, 17.2, and 14 kDa MBP isoforms at P7 and P14 relative to virgin controls (one-way ANOVA with Dunnett's post hoc test; n ϭ 4 or more animals per group). E, Quantification of the number of myelinated axons in the genu of the CC in age-matched 11-week-old virgins (n ϭ 4) and P14 mothers using EM (unpaired t test; n ϭ 4) revealed a significant increase in the number of myelinated axons in the postpartum females. Values are means Ϯ SEM; *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001. Scale bars: A, 10 m; E, 2 m. activated caspase-3 ϩ cells within the CC of PRL-versus VEH-infused animals (data not shown).
The expression of the PRLR by a subpopulation of adult OPCs suggests that PRL acts directly on these cells to increase their proliferation. To test whether PRL can act on OPCs in the white matter of the adult CNS to increase their proliferation and generation of oligodendrocytes, we isolated PDGF-responsive OPCs in vitro as neurospheres (Chojnacki and Weiss, 2004) . The CC of adult virgin females was dissociated and cultured in the presence of PDGF for 10 -12 d in vitro, resulting in the formation of adult OPC neurospheres (Fig. 5A) . After differentiation in 1% FBS for 3 d, the majority of adult OPC neurospheres contained astrocytes (GFAP ϩ ) and oligodendrocytes (O4 ϩ ) (ϳ80%), and a minority contained astrocytes only (ϳ15%; n ϭ 4) ( Fig. 5A-C ) (supplemental Table 2 , available at www.jneurosci.org as supplemental material). PRL addition to the cultures increased the number of adult OPC neurospheres by 38% relative to PDGF alone ( p Ͻ 0.01; paired t test; n ϭ 4). Furthermore, the proportion of neurospheres that were Ͼ50 m in diameter was increased by 63% in the PRL condition ( p Ͻ 0.01; paired t test; n ϭ 4) (Fig.  5D ). PRL did not change the primarily bipotent astrocyte-oligodendrocyte phenotype of the adult OPC (supplemental Table 2, available at www.jneurosci.org as supplemental material). However, the number of O4 ϩ oligodendrocytes generated per neurosphere was doubled in the PRL plus PDGF growth condition relative to PDGF alone (PRL plus PDGF, 13 Ϯ 2, n ϭ 3, N ϭ 20 individual neurospheres were quantified in total; PDGF, 6 Ϯ 3, n ϭ 3, N ϭ 11; p Ͻ 0.05; unpaired t test) (Fig. 5E) .
In summary, although we have not ruled out potential paracrine mechanisms for the actions of PRL, our functional data and expression data strongly suggest that PRL signaling likely acts on a subpopulation of OPCs in the maternal CNS to mediate the pregnancy-induced increase in OPC proliferation and oligodendrocyte generation.
PRL treatment promotes myelin repair in virgin females
We hypothesized that PRL administration might enhance white matter regeneration in a manner similar to pregnancy. Daily intraperitoneal injections of 20 g of PRL for 7 consecutive days increased the number of BrdU ϩ PDGFR␣ ϩ cells by 169% in the uninjured virgin female spinal cord relative to VEH ( p Ͻ 0.01; unpaired t test; n ϭ 3). Subsequently, virgin female mice received lysolecithin lesions in the SC dorsal funiculus followed immediately by intraperitoneal injections of PRL or VEH for 7 consecutive days, BrdU injections on postlesion days 4, 5, 6, and 7, and were killed at 14 d after lesion. We observed a 74% increase in the number of BrdU ϩ GST ϩ oligodendrocytes in the lesioned dorsal funiculus of PRL-treated animals relative to VEH controls (VEH, 480 Ϯ 120, n ϭ 8; PRL, 836 Ϯ 104, n ϭ 9; p Ͻ 0.05; unpaired t test) (Fig. 6 A) . Furthermore, the proportion of the dorsal funiculus that remained demyelinated after 14 d was reduced by 46% in PRL-treated animals relative to VEH controls (lesion size index: VEH, 9 Ϯ 2, n ϭ 6; PRL, 5 Ϯ 1, n ϭ 6; p Ͻ 0.05; unpaired t test) (Fig. 6 B) . Therefore, PRL treatments mimicked the regenerative effects of pregnancy on white matter damage in virgin females.
Discussion
The present study suggests that white matter changes occur in the maternal CNS. These changes are initiated during early pregnancy and include increases in OPC proliferation, oligodendrocyte generation, MBP expression, and, ultimately, an increase in the number of myelinated axons. Remarkably, we find that this process is associated with an enhanced capacity to regenerate myelin damage. PRL signaling is necessary and sufficient for the pregnancy-induced increase in OPC proliferation, and PRL treatments mimic the regenerative effects of pregnancy on myelin damage in virgin females. These results identify a novel form of white matter plasticity in the adult CNS and suggest that PRL may have therapeutic potential for the treatment of white matter damage. ϩ GST ϩ cells in the lesioned dorsal funiculus of virgin (n ϭ 7) and GD3-GD14 pregnant animals (unpaired t test; n ϭ 7) demonstrating a significant increase in the number of newly generated oligodendrocytes in pregnant females relative to virgins. F, EM micrographs of demyelinated (red dots), remyelinated (yellow dots), and spared (green dots) axons within dorsal funiculus lesions of virgin and GD3-GD14 pregnant females. G, Quantification revealing the percentage of total axons that were demyelinated, remyelinated, or spared in virgin versus GD3-GD14 pregnant (unpaired t test; n ϭ 4) demonstrated that the proportion of demyelinated axons was reduced, whereas the proportion of remyelinated axons was increased in the pregnant females relative to the virgins. Values are means Ϯ SEM; *p Ͻ 0.05, **p Ͻ 0.01. Scale bars: D, 100 m; F, 2 m.
promotes increased adult female OPC proliferation, oligodendrocyte generation, and myelination, we found that PRL infusions also increased OPC proliferation and the generation of new oligodendrocytes in males (data not shown). It is possible that specific experiences leading to altered PRL signaling in males, such as paternity (Schradin and Anzenberger, 1999) , might promote male-specific white matter changes.
Our study has demonstrated that, in the absence of an injury, newly generated oligodendrocytes born during early pregnancy mature in the maternal CNS, during the postpartum period, by virtue of arborization and the acquisition of MBP expression. This process is associated with increases in total MBP expression levels and an increase in the total number of myelinated axons in the CC. Maternal white matter changes represent a form of plasticity that may be a physiological adaptation to pregnancy. Effective maternal behavior is a challenge, requiring cognitive changes that enhance foraging abilities (Kinsley et al., 1999; Lambert et al., 2005) , learning and memory (Kinsley et al., 1999; Love et al., 2005) , and social learning (Fleming and Walsh, 1994) and alter sensory and emotional responses (Neumann, 2001; Walker et al., 2004) . Maternal white matter changes may be initiated to meet these demands, perhaps by increasing the fidelity of neurotransmission within specific axon tracts and promoting the repair of any existing white matter damage to enhance CNS function. For consideration in future work, it is interesting that the majority of axons within the adult rodent CC are unmyelinated (Sturrock, 1980; Mack et al., 1995) , suggesting that new oligodendrocytes might select subpopulations of naked maternal CC axons to myelinate. Future studies might investigate the possibility that pregnancy promotes changes within specific axon tracts, making subpopulations of callosal axons particularly receptive to myelination by new oligodendrocytes.
Possible relationship of pregnancy, PRL-induced remyelination, and the remission of MS Patients suffering from MS experience a significant clinical improvement in their symptoms during late stages of pregnancy (van Walderveen et al., 1994; Confavreux et al., 1998; Voskuhl, 2003) . Furthermore, animal models of MS, such as experimental allergic encephalomyelitis (EAE), also show significant symptomatic improvements during pregnancy (Voskuhl, 2003) . The mechanisms mediating the pregnancy-induced remission of MS are not fully understood, but it is tempting to speculate that the enhanced capacity for remyelination we described in the maternal CNS might be a contributing factor. PRL may even have therapeutic potential for the treatment of MS white matter damage, although its potential proinflammatory effects could be detrimental to nonpregnant MS patients (Draca and Levic, 1996; Chikanza, 1999) . Interestingly, the proinflammatory cytokine tumor necrosis factor ␣ also promotes OPC proliferation and CNS remyelination (Arnett et al., 2001) . In pregnancy, PRL levels are elevated during the pregnancy-induced shift from proinflammatory Th1 (T-helper 1 cells) to anti-inflammatory Th2-mediated immunity (Weetman, 1999) , providing a window that may permit PRL-mediated myelin repair in MS. This immune shift is likely important to remission (Voskuhl, 2003) given that the disease relapses in the postpartum period when PRL levels are elevated, but maternal immunity returns to a Th1 bias.
To date, pregnancy-induced changes to immune system function, which have been suggested to be the primary mediators of pregnancy-induced MS remission, are primarily thought to occur through the actions of steroids. In particular, estrogens (estrone, estradiol, or estriol) are thought to play a major role in the shift from Th1-to Th2-mediated immunity during pregnancy, although numerous other molecules have been implicated (Voskuhl, 2003) . Estrogen levels are significantly elevated during pregnancy, and estradiol treatments have been shown to inhibit EAE by depressing Th1 immune activity (Kim et al., 1999; Ito et al., 2001) . Recently, a phase II pilot trial was performed in which 10 women with MS were treated with oral estriol at levels similar to pregnancy (Sicotte et al., 2002) . The results of this small clinical trial suggested that estriol treatments were beneficial in some of patients with relapsing-remitting MS and was associated with a reduced Th1 response and a significant reduction in gadolinium-enhancing lesion numbers and size. Although the beneficial effect of estrogen is thought to be reduced Th1 activity, improvements in the symptoms of MS may be attributable, in part, to the remyelination of lesions (Scolding and Franklin, 1997) . Estrogen is one of the most potent activators of PRL secretion from the pituitary (Freeman et al., 2000) . Therefore, the beneficial effects of estrogen therapies could partially be . Approximately 80% of adult OPC neurospheres gave rise to oligodendrocytes and astrocytes (AϩO), whereas a minority gave rise to astrocytes only (A only; ϳ15%; n ϭ 4) (supplementary Table 2 , available at www.jneurosci.org as supplemental material). D, Representative images of OPC neurospheres generated in the presence of either PDGF or PRL plus PDGF. The addition of PRL to adult OPC neurosphere cultures significantly increased the number of neurospheres formed by 38% relative to PDGF alone ( p Ͻ 0.01; paired t test; n ϭ 4), as well as the proportion of neurospheres that were Ͼ50 m in diameter by 63% in the PRL condition ( p Ͻ 0.01; paired t test; n ϭ 4). E, Adult OPCs grown in the presence of PRL plus PDGF and differentiated for 3 d in vitro in the presence of 1% FBS had a significantly greater number of O4 ϩ oligodendrocytes per neurosphere than those grown in PDGF alone (PRL plus PDGF, 13 Ϯ 2, n ϭ 3, N ϭ 20 individual neurospheres were quantified in total; PDGF, 6 Ϯ 3, n ϭ 3, N ϭ 11; p Ͻ 0.05; unpaired t test). Scale bars: A, D, E, 50 m; B, C, 100 m. related to elevated PRL levels. Future studies might be directed toward investigating therapeutic applications of PRL for promoting repair in MS in combination with immunomodulatory agents that negate proinflammatory responses.
Potential for PRL treatment of white matter damage in nonautoimmune based neurological disorders White matter damage in the CNS has primarily been considered in the context of MS, but recent studies have demonstrated that demyelination is a major contributing factor to deficits arising in many neurological disorders, including spinal cord injury (Totoiu and , stroke (Mori, 2002) , and age-related dementia (Ferro and Madureira, 2002) . Remarkably, pregnancy has been shown to attenuate the age-related decline in learning and memory (Gatewood et al., 2005) , and it is again tempting to speculate that pregnancy-induced, PRL-mediated myelin repair is involved. Furthermore, results of recent studies have clearly demonstrated that enhancing remyelination after spinal cord injury through the transplantation of OPCs significantly improves recovery (Bambakidis and Miller, 2004; Cao et al., 2005; Lee et al., 2005 ; Karimi-Abdolrezaee et al., 2006). Moreover, efforts are underway to derive OPCs from human embryonic stem cell lines for the clinical treatment of spinal cord injury (Faulkner and Keirstead, 2005; Keirstead et al., 2005) . Together, these studies suggest that a molecule such as PRL, which can be systemically delivered to mobilize endogenous OPCs and promote intrinsic myelin repair, may have potential for the treatment of several neurological disorders associated with white matter pathology. Figure 6 . PRL treatments mimic the regenerative effects of pregnancy on myelin damage in virgin females. A, Fluorescence micrographs of newly generated oligodendrocytes (BrdU ϩ GST ϩ cells) in the lysolecithin lesioned dorsal funiculus of VEHversus PRL-treated females after BrdU tracing revealed an increase in the number of newly generated oligodendrocytes in the lesion of PRL-treated females (VEH, 480 Ϯ 120, n ϭ 8; PRL, 836 Ϯ 104, n ϭ 9; p Ͻ 0.05; unpaired t test). B, Luxol fast blue staining of myelin in the dorsal funiculus of PRL-and VEH-treated females and quantification of lesion size 14 d after lysolecithin lesions revealed a significant reduction in the size of the lesion of PRL-treated females relative to VEH (lesion size index: VEH, 9 Ϯ 2, n ϭ 6; PRL, 5 Ϯ 1, n ϭ 6; p Ͻ 0.05; unpaired t test). Values are means Ϯ SEM. Scale bar, 100 m.
